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North CarolinaABSTRACT Nonnucleoside reverse transcriptase inhibitors (NNRTIs) play a central role in the treatment of AIDS, but their
mechanisms of action are incompletely understood. The interaction of the NNRTI nevirapine (NVP) with HIV-1 reverse transcrip-
tase (RT) is characterized by a preference for the open conformation of the fingers/thumb subdomains, and a reported variation
of three orders of magnitude between the binding affinity of NVP for RT in the presence or absence of primer/template DNA. To
investigate the relationship between conformation and ligand binding, we evaluated the use of methionine NMR probes posi-
tioned near the tip of the fingers or thumb subdomains. Such probes would be expected to be sensitive to changes in the local
environment depending on the fractions of open and closed RT. Comparisons of the NMR spectra of three conservative muta-
tions, I63M, L74M, and L289M, indicated that M63 showed the greatest shift sensitivity to the addition of NVP. The exchange
kinetics of the M63 resonance are fast on the chemical shift timescale, but become slow in the presence of NVP due to the slow
binding of RT with the inhibitor. The simplest model consistent with this behavior involves a rapid open/closed equilibrium
coupled with a slow interaction of the inhibitor with the open conformation. Studies of RT in the presence of both NVP and
MgATP indicate a strong negative cooperativity. Binding of MgATP reduces the fraction of RT bound to NVP, as indicated by
the intensity of the NVP-perturbed M230 resonance, and enhances the dissociation rate constant of the NVP, resulting in an
increase of the open/closed interconversion rate, so that the M63 resonance moves into the fast/intermediate-exchange regime.
Protein-mediated interactions appear to explain most of the affinity variation of NVP for RT.INTRODUCTIONHIV reverse transcriptase (RT), the enzyme responsible
for converting viral genomic RNA into proviral double-
stranded DNA, is a primary target for drug intervention.
The enzyme exists as a p66/p51 heterodimer, with the cata-
lytic sites for both the polymerase and ribonuclease H activ-
ities located in the p66 subunit. The p51 subunit includes the
polymerase domain in an alternative, inactive fold, as well
as a short, inactive fragment of the ribonuclease H domain.
The polymerase activity of RT can be inhibited by both
nucleoside and nonnucleoside RT inhibitors (NNRTIs);
however, the mechanisms of action of the NNRTIs in
particular are incompletely understood. Several different
inhibitory mechanisms have been discussed in the literature
(1–6) and involve positional distortions of catalytic residues
and/or the primer grip hairpin that positions the primer ter-
minus of the substrate (1,7), and reduced mobility of the
thumb subdomain. NNRTIs can also reduce the processivity
of the polymerase by interfering with the ability of the
fingers/thumb to clamp onto the DNA (8,9). Apo RT ex-
hibits a preference for a conformation in which the
fingers/thumb subdomains of the polymerase adopt a closed
conformation, whereas enzyme activity requires separation
of these two subdomains to accommodate the substrate
(Fig. 1). Each of the clinically important NNRTIs—nevira-
pine (NVP), efavirenz, delavirdine, etravirine, and rilpivir-Submitted December 7, 2012, and accepted for publication April 10, 2013.
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0006-3495/13/06/2695/11 $2.00ine—has been demonstrated to bind to a hyperextended
conformation in which the thumb is positioned farther
from the fingers subdomain than is the case in the RT-
primer/template (RT-P/T) complex (10–15), although a
recently described class of NNRTIs binds to RT with the
fingers/thumb in a closed orientation (16). In general, the
NNRTI-binding regions of RT-P/T and RT-NNRTI struc-
tures do not superimpose well, and thus the nature of the
quaternary complexes, whose existence is supported by
kinetic data, has been unclear. A recent crystallographic
characterization of a ternary RT-P/T-NVP complex by Das
et al. (5) indicated a dominant effect of NVP on the
NNRTI-binding pocket, such that the position of the primer
terminus is significantly altered relative to the RT-P/T com-
plex. However, the authors were unable to capture a quater-
nary RT-P/T-NVP-dNTP complex.
Given the clinical significance of NVP, the reported
RT-binding data are surprisingly variable. A Kd value of
~0.02 mM has been reported for dissociation of NVP from
the ternary RT-P/T-NVP complex (3), whereas a Kd value
of ~30 mM has been reported for dissociation of the RT-
NVP binary complex (17), implying a >103-fold, sub-
strate-dependent binding affinity. In sharp contrast to
these results, Maga et al. (18) reported an NVP-RT dissoci-
ation constant of 0.4 mM that is essentially independent of
the presence of P/T or P/T-dNTP. As noted above, crystal
structure data for RT,NNRTI complexes show an open
conformation of the fingers/thumb subdomains. Because
the fingers/thumb orientation of the apo enzyme adopts ahttp://dx.doi.org/10.1016/j.bpj.2013.04.015
FIGURE 1 Ribbon diagrams of the RT-ATP
complex (PDB code: 2IAJ) with fingers/thumb in
a closed position (left panel) and the RT-NVP com-
plex (PDB code: 1VRT) with fingers/thumb in an
open orientation (right panel). Green, p66 subunit;
beige, p51 subunit; magenta spheres, side chains of
mutated residues I63, L74, and L289; blue spheres,
MgATP ligand; orange spheres, NVP ligand.
2696 Zheng et al.predominantly closed conformation (19), and the RT-P/T
conformation has an open conformation, a P/T-induced
increase in NVP affinity could be related to this conforma-
tional feature. In addition to the effect of P/T, a considerably
smaller antagonistic effect of Mg2þ on NNRTI binding was
reported by Spence et al. (3). Although the dNTP and
NNRTI binding sites do not overlap, they are adjacent and
the binding interactions induce structural changes in the
methionine-containing b-hairpins that contain the active-
site YMDD motif and the primer grip (20,21). Further, the
crystal structure of the RT-MnATP complex reveals a closed
conformation (20), whereas the structure of the RT-NVP
complex adopts an open conformation (10). These structural
data also support the possibility of protein-mediated interac-
tions between dNTP and NVP binding.
The high internal mobility/low order parameter of
methionine, coupled with its low copy number and three
equivalent methyl protons, makes it useful as a probe for
investigating the conformational behavior of high-molecu-
lar-weight proteins such as HIV RT (molecular mass ¼
117 kDa) (22–26). In this study, we adopted a strategy of
identifying positions that were likely to provide useful
information on the relative orientations of the fingers/thumb
subdomain. Three such positions at the tips of the fingers
and thumb subdomains that could be conservatively mutated
to methionine were evaluated. Sensitivity to the con-
formational change was evaluated by investigating the
shift sensitivity to NVP. Because the NVP-binding site is
remote from each of the mutated positions, and the mutated
residues were all solvent exposed, any shift perturbations
that resulted from NVP binding were interpreted as a
consequence of changes in the local environment of the
methyl groups due to a variation in the relative domain
orientation. The I63M mutation was found to be most useful
for this purpose. This mutant was then used to study the
interactions of RT with NVP and MgATP, and with a previ-
ously studied thumb-derived peptide that was reported to
exhibit high affinity and preferential binding to the open
RT conformation (27).Biophysical Journal 104(12) 2695–2705MATERIALS AND METHODS
Labeled RT, mutations, and interacting peptide
HIV-1 RT labeled with [methyl-13C]methionine in the p66 subunit was ex-
pressed in Escherichia coli BL21 (DE3) codon plus RIPL cells as described
previously (21). The p66 and p51 subunits were expressed in parallel so that
independent labeling patterns could be introduced, and the cell pellets were
combined during lysis. Both subunits contained the C280S mutation for
enhanced resistance to oxidation, and the p66 subunit contained an addi-
tional M357K mutation to eliminate the intense M357 resonance that
obscures other methionine residues (21). M357 appears to play no signifi-
cant role in the activity of the enzyme and in viral isolates is often replaced
nonconservatively with other residues (28,29). The C280S51,66 and
M357K66 mutations are present in all of the constructs used in this study
and are not explicitly noted.
Additional mutations of I63, L74, and L289 to methionine were also
introduced as indicated. All mutations were introduced by using the
QuikChange XL site-directed mutagenesis kit (Agilent, Santa Clara,
CA), and transformed into BL21(DE)3 codon plus RIL. The purified
[methyl-13C]methionine RT constructs were exchanged into NMR buffer
(20 mM Tris-HCl-d11 in D2O, pD (uncorrected pH meter reading þ
0.42)¼ 7.42, 150 mM KCl, 4mMMgCl2, 0.02% NaN3) by repeated centri-
fugation. NMR studies were performed at 25C unless otherwise specified.
A 17-residue peptide derived from the thumb subdomain of RT, P1L
(acetyl-G285TKALTEVIPLTEEAEL301), was obtained from Pi Proteomics
(Huntsville, AL) and used without further purification. This sequence is
similar to the peptide P1 studied by Agopian et al. (27) except that it con-
tains the naturally occurring Leu-301 rather than the mutated L301C substi-
tution present in peptide P1.NMR methods
1H-13C heteronuclear single quantum coherence (HSQC) spectra were ob-
tained using the gChsqc experiment in Biopack (30,31) and performed on a
Varian Unity Inova 500 MHz NMR spectrometer equipped with a 5 mm
Varian (500 MHz) 1H{13C,15N} triple-resonance cryogenically cooled
probe with actively shielded z-gradients. The acquisition parameters for
all experiments were as follows: 64 transients, 64 ms acquisition time,
1 s relaxation delay with 1024 complex points, and spectral width of 14
ppm. In the indirect dimension, 128 complex points were acquired with a
spectral width of 10 ppm and the 13C offset was set to 17 ppm. All NMR
data were processed using NMRPipe (32) and analyzed by NMRViewJ (33).
Measurements of the conformational exchange dynamics of the Met63
resonancewere assessed with a Carr-Purcell-Meiboom-Gill (CPMG) exper-
iment at 18.8 T (34). The CPMG data were fit with various exchange
NMR of Reverse Transcriptase 2697equations and tested for statistical significance as described by Tollinger
et al. (35).Data analysis
The apparent equilibrium constant for NVP was determined by fitting the
observed resonance intensities to the relationpB ¼ c1þ ð1 c1Þ
ð½RT þ Kd þ ½NVPÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð½RT þ Kd þ ½NVPÞ2  4½NVP½RT
q
2½RT (1)using the nonlinear least-squares fitting routine in Mathematica (Wolfram
Research, Champaign, IL). The parameter c1, with 0 < c1 < 1, was intro-
duced to allow for the possibility of high-affinity binding to a small amount
of the open conformation of apo RT.
The lineshape of Met-184 in the 1H dimension exhibited characteristics
of a two-site, intermediate-exchange process. The lineshape was analyzed
using the two-site exchange formalism of Rogers and Woodbrey (36)
with a program written in Mathematica.RESULTS
To create an RT variant containing a methionine residue that
would be useful for analyzing the open/closed orientation of
the fingers/thumb subdomains, we identified three candidate
residues for mutation to methionine: I63, L74, and L289.
The residues had to meet the following criteria: 1), aliphatic
side chains so that substitution with methionine would intro-
duce minimal structural perturbation; 2), substantial surface
exposure of the side chain so that the corresponding methyl
resonance would be sensitive to changes in local environ-
ment related to domain interactions; and 3), location near
the tips of the fingers or thumb subdomain in positions
such that the local environment would depend on the rela-
tive fingers/thumb orientation (Fig. 1). 1H-13C HSQCspectra of the [methyl-13C]methioinine66RT(I63M66),
RT(L74M66), and RT(L289M66) mutants were obtained in
the presence and absence of saturating NVP, and only the
first of the listed mutations resulted in well-resolved
resonances (Fig. 2 and Fig. S1 in the Supporting Material).
Other resonance perturbations resulting from the additionof NVP followed the pattern described previously in the
absence of the additional mutations (21). In particular,
the M184 resonance undergoes a downfield 1H shift of
~0.1 ppm, whereas M230 appears at d1H,13C ¼ (1.81,
15.97) ppm in the presence of NVP. These perturba-
tions are consistent with the proximity of the NVP-
binding site to the YMDD-containing hairpin and the
primer grip hairpin that contain these two methionine
residues (21).
In contrast to the NVP-binding-induced perturbations of
the M184 and M230 resonances, which correspond to resi-
dues located near the NVP-binding site, I63 is located
~30 A˚ away from bound NVP, and its shift is presum-
ably dominated by the change of its local environment
that results from the increased proximity to the thumb
subdomain.
One significant difference relative to our previous study
(21) is the absence of the M230 resonance for apo RT, which
previously was thought to be obscured by the large M357
resonances. An analysis of molecular models indicated
that in the closed form of RT, M230 has a very low solvent
exposure and should produce a very broad, probably unob-
servable resonance, whereas in the open conformation,FIGURE 2 1H-13C HSQC spectra of methio-
nine-labeled RT. (a) Superimposed 1H-13C HSQC
spectra of 50 mM [13CH3-Met]66RT(I63M) in the
absence (black) and presence (red) of 200 mM
NVP. The sample was prepared in NMR buffer
(20 mM Tris-HCl-d11 in D2O, pD ¼ 7.42,
150 mMKCl, 4 mMMgCl2, 0.02% NaN3). Spectra
were measured at 25C.
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should produce an observable resonance (21). The weakness
of this resonance presumably results from the high fraction
of apo RT in the closed conformation (see below), and may
also result from exchange broadening between open and
closed conformations. Regardless, the intensity of this
resonance is more readily assessed in the M357K mutant
studied here.Titration of RT with NVP
To interpret the results of the NMR study, it is first necessary
to determine how the timescale of the open4 closed tran-
sition compares with the chemical shift of the I63M reporter
group, i.e., whether the conformational exchange is fast,
slow, or intermediate on the NMR timescale. A previous
electron paramagnetic resonance (EPR) study of spin-
labeled RT determined that RT behaves as a bistable system,
spending most of its time in conformations with the fingers/
thumb orientation in either the open or closed position (19).
Thermodynamic parameters relating the two states, DH ¼
34.5 5 3 kJ/mol and DS ¼ 134 5 10 J/mol-K, were
obtained from temperature-dependent studies. Based on
these parameters, the enthalpically favored open conforma-
tion predominates at low temperature, and the entropically
favored closed conformation predominates at higher tem-FIGURE 3 Titration of labeled RT with NVP. (a) 1H-13C HSQC spectra of
concentrations in spectra are 0, 10, 20, 30, 40, 50, and 60 mM, respectively. (h)
in Fig. 2.
Biophysical Journal 104(12) 2695–2705perature. The fractional open and closed populations are
then described by the following relations:
fopen ¼ 1
1þ eðDHTDSÞ=RT fclosed ¼ 1 fopen (2)
Using the DH and DS values of (19), the fractional popula-
tion of the open species decreases with increasing tempera-
ture, corresponding to ~10% at 25C.
We obtained 1H-13C HSQC spectra of 180 mM [13CH3-
Met]66 RT(I63M66) to determine whether we could observe
a separate M63 resonance due to the open conformation
similar to that observed in the presence of NVP (Spectrum
S2 in the Supporting Material). No separate resonance
corresponding to the open conformation was observed.
Since the signal/noise ratio at the higher RT concentration
should have been sufficient to allow observation of a
resonance with ~10% the intensity of the larger peak,
this result indicates that the interconversion barrier for
the open/closed orientation is low enough to ensure that
the equilibrium is fast on the chemical shift timescale
(t  .01 s).
The labeled RT was subsequently titrated with NVP
(Fig. 3). Although the open/closed exchange is fast, the
NVP binding is slow, and thus separate resonances
for both M184 and M63 are observed for the predomi-
nantly closed (unbound) and predominantly open (bound)50 mM [13CH3-Met]66 RT(I63M) as a function of added NVP. (a–g) NVP
Fit of all NVP titration data. Sample buffer and temperature as described
NMR of Reverse Transcriptase 2699forms of RT. In addition to structural evidence, the
shift values d(1H,13C) ¼ (2.1,17.1) ppm for M63NVP are
close to those expected for an unstructured residue (37),
consistent with exposure to the solvent. As illustrated
in Fig. 1, Ile63 is expected to have a largely solvent-
exposed local environment in the open conformation.
Based on this behavior and the available structural data,
the simplest model consistent with the NMR data is given
by Eq. 3:
RTClosed4
fast
RTOpen þ NVP4slow RTOpen ,NVP (3)
In particular, since the RT,NVP complex is observed with
RT in the open conformation, the NVP apparently binds pri-
marily with the rare open conformer, rather than with the
predominant closed conformer. The data for M184 or M63
can be fit to determine an apparent NVP-RT dissociation
constant. A fit of the higher-sensitivity M63 data yield an
apparent KD ¼ 4.0 mM (Fig. 3 h). We note that although
there was no observable peak at the shift of the M63
resonance corresponding to the open conformation in
the absence of NVP, the data fit yielded an intercept of
.08, consistent with the expectation of ~10% in the open
form according to Eq. 2. The value of 4.0 mM is nearly
an order of magnitude tighter than the binding constant
obtained by capillary electrophoresis at 37C (17), but at
least part of this discrepancy results from the higher temper-
ature of that measurement, which favors the open conformer
(viz. Eq. 2).
The apparent dissociation constant obtained using the
approach outlined above can be related to an intrinsic disso-
ciation constant for RT in the open conformation using the
formalism described by Valle´e-Be´lisle et al. (38). If it is
assumed that NVP interacts exclusively with the open
conformation, we can relate the two binding constants
according to
KappD ¼ KintD
1þ KS
KS
¼ K
int
D
fopen
(4)
where KD
app is the apparent dissociation constant observed
intFIGURE 4 CPMG analysis of the Met63 resonance in [13CH3-Met]
RT(I63M). Measurements were made on (a) 50 mM [13CH3-Met]
RT(I63M) in the NMR buffer at 25C or (b) 50 mM [13CH3-Met]RT(I63M)
plus 200 mM NVP and lacking the Mg2þ in the buffer. The first data point
cannot be meaningfully analyzed within the context of the other parameter
restraints. Other than the Mg2þ concentration, the sample buffer is the
same as described in Fig. 2. All measurements were made at 18.8 T.for the conformational mixture, KD is the intrinsic disso-
ciation constant that describes binding to the open confor-
mation, KS corresponds to the open/closed equilibrium
constant (i.e., KS ¼ [open]/[closed]), and fopen is the frac-
tion of RT in the open conformation in the absence of
NVP. Using Eq. 2 for fopen at 25
C gives KD
int ¼ 0.1 KDapp
or 0.4 mM. This binding is approximately an order of
magnitude weaker than the dissociation constants obtained
by Spence et al. (3), which were measured in the presence
of primer/template. It thus appears that the effect of the
P/T is only partially explained by an increase in the
open/closed ratio. This result is not surprising since both
the P/T substrate and NVP interact strongly with the primer
grip hairpin.Dynamic characterization by CPMG
Based on the conclusion of fast exchange between the open
and closed conformations, we subsequently attempted to
characterize the open/closed RT ratio from the temperature
dependence of the M63 shift (Fig. S3). However, the total
1H shift is rather small, <0.2 ppm, and the change in the
fraction of open species over the available temperature
range is only ~15%. Thus, the total predicted 1H shift
change is only ~.03 ppm, which limits the feasibility of
this type of analysis. Fast dynamic events involving equi-
libria with low-concentration states, such as those that
appear to characterize the open/closed interconversion
in apo RT, can often be characterized with the use of
CPMG studies (see Materials and Methods). At 18.8 T
and 25C, there was a sufficient signal/noise ratio to observe
a typical fast-exchange relaxation dispersion curve for M63
(Fig. 4 a). Fitting of the data revealed an exchange lifetimeBiophysical Journal 104(12) 2695–2705
2700 Zheng et al.of ~1.0 ms. Assuming that the chemical shift difference
between the open and closed states is approximated by
D13C ¼ 0.23 ppm (the measured shift difference between
the apo and NVP-bound M63 resonances (Fig. 1)), the
CPMG analysis gives a 12% population for the open state.
This is reasonably consistent with the value of 10% obtained
using Eq. 2 and the DH and DS values given by Kensch et al.
(19). Fixing both Dn and the fraction of the open conforma-
tion allows a Monte Carlo estimation of the error in t of
0.8 ms (35). In contrast, a CPMG study of M63 in the RT-
NVP complex showed no evidence of exchange on this
timescale (Fig. 4 b), consistent with a rate that is limited
by the slow dissociation of NVP from RT (Eq. 3). Attempts
to include the initial, 50 Hz point yielded physically unrea-
sonable parameters.Effect of MgATP
MnATP has been shown to interact with the nucleotide-
binding site of RT and to induce a conformation of the
active-site YMDD loop that superimposes with the confor-
mation observed in the RT,P/T,dNTP ternary complex
(20,39). Hence, although the nucleotide conformations
differ, particularly regarding the position of the base, their
effects on enzyme conformation are apparently similar.
We investigated RT-mediated interactions between MgATP
and NVP by adding millimolar concentrations of MgATP
to a sample containing 50 mM [methyl-13C]methionine66
RT(I63M) plus 200 mM NVP. Surprisingly, we found that
MgATP largely reversed the shift perturbations produced
by the NVP (Fig. 5 a). Thus, both the M184 and M63 reso-
nances shift back toward their positions in the apo enzyme.
The shifted M230 resonance, with d13C ~16 ppm character-
istic of the RT,NVP complex, also experiences an addi-
tional shift perturbation in the presence of the MgATP, as
well as a reduction in intensity (Fig. 5 b). The methyl reso-
nance from uncomplexed NVP can also be observed at
d1H,13C ¼ (2.38,19.6) ppm in Fig. 5 b (see also Spectrum
S4 in the Supporting Material). Because the methyl group
is unlabeled, the resonance corresponding to bound NVP,
which is expected to be shifted significantly and in slow ex-
change, is not observed. In contrast to the slow-exchange
behavior apparent in Fig. 3, the presence of both MgATP
and NVP leads to a fast/intermediate-exchange behavior
for M63, so that the shift position rather than the intensity
ratio between the alternate conformations is seen to vary.
This result indicates that the interconversion rate between
the open and closed forms of RT in the presence of both
ligands is increased relative to the rate in the presence of
NVP only. Thus, the binding of MgATP enhances the disso-
ciation rate constant of NVP.
Using a fast-exchange formalism to analyze the M63 1H
shift behavior, the fraction of RT in the open conformation
can be calculated based on the M63 shift according toBiophysical Journal 104(12) 2695–2705fopen ¼ dObs  dclosed
dopen  dclosed fopen ¼
dobs  1:97
2:11 1:97 (5)
where the value of dopen corresponds to the shift observed in
the presence of NVP, and the value for the closed shift was
determined on the basis of Eq. 1, according to which the
shift observed for apo RT at 25C corresponds to 90% in
the closed conformation. Based on the observed shift values,
we obtain fopen¼ 43% and 32% at 4 mM and 8 mMMgATP,
respectively.
As noted above, addition of MgATP reduces the intensity
and perturbs the chemical shift of the M230 resonance. Peak
volume measurements indicate that the fraction of bound
NVP is reduced to 51% and 35% in the presence of 4 and
8 mM MgATP, respectively. These values are similar to
the fopen values obtained above from examination of the
M63 shift. It thus appears that the addition of MgATP
reduces the binding affinity of RT for NVP enough to
ensure that a substantial fraction of the RT has no bound
NVP, despite a total NVP concentration of 200 mM, and
that in the absence of bound NVP, the RT adopts a primarily
closed conformation. However, in addition to this effect,
there is also substantial formation of an open, ternary
RT,NVP,MgATP complex present in solution, as indicated
by the behavior of the M230 resonance. Since it appears that
a ternary RT,NVP,MgATP complex can form, a general
equilibrium scheme (Scheme 1) for the interactions of
MgATP and NVP with RT can be written as:In the above scheme, the subscripts indicate that, based on
our evaluations of the M63 shift behavior, the uncomplexed
RT and RT,MgATP is predominantly closed but can
adopt either conformation, whereas the RT,NVP and
RT,NVP,MgATP complexes are predominantly open.
The fast/slow/intermediate rates are defined by the shift dif-
ferences of the RT resonances that report on the formation/
dissociation of these complexes. Of course, although in the
crystal the binary RT,MnATP complex RT adopts a closed
conformation (PDB code: 2IAJ), MgATP must also bind to
the open form of RT in the presence of primer/template to
form the catalytic ternary complex.
The lineshape observed for the M184 resonance in the
presence of both MgATP and NVP exhibits intermediate-
exchange behavior (Fig. 5). The 1H spectrum of M184 is
FIGURE 5 Effect of MgATP on NVP-RT(I63M). (a) 1H-13C HSQC spectra of [13CH3-Met]66 RT(I63M66) in the presence of 4 mM MgCl2 (black), after
addition of 0.2 mM NVP (red), after addition of 4 mM MgATP (green), and after a second addition of 4 mM MgATP (8 mM MgATP total concentration;
purple). Inset at lower right shows the M184 resonances of the same series of samples with additional 13C offsets for clarity. The arrows indicate the direction
of the M63 and M230 shift perturbations with increasing MgATP. The sample was prepared in 20 mM Tris-HCl-d11 in D2O, pD 7.42, and the spectra were
obtained at 25C. (b–d) Individual spectra obtained in the presence of (b) 0.2 mM NVP, (c) 0.2 mM NVP þ 4 mM MgATP, and (d) 0.2 mM NVP þ 8 mM
MgATP are shown along with 1D slices through d13C¼ 15.97 ppm, illustrating the intensity changes of the M230 resonance as the MgATP is added. (e and f)
shows the 1H-13C HSQC spectrum of M184 for the sample containing 0.2 mMNVPþ4 mMMgATP (in e) or 8 mMMgATP (in f), as well as the 1D 1H slice
through d 13C ¼ 16.8 ppm. The 1D 1H slices are superimposed with simulations (blue) determined using a two-site exchange formalism with T2A ¼T2B ¼
0.02 s, Dn ¼ 0.063 ppm  500 Hz/ppm, tB ¼ 0.03 s, and pB ¼ 0.46 (e) or 0.53 (f).
NMR of Reverse Transcriptase 2701characteristic of an intermediate-exchange process. Based
on the concentrations of NVP and MgATP present in the
sample and the shift behavior of the M63 resonance, the in-
termediate exchange most likely corresponds to the equilib-
rium between the RTO,NVP,MgATP and RTC,MgATP
complexes at the bottom in the above scheme. At the NVP
concentration used in the study, the fraction of uncomplexed
RT is expected to be quite small. The lineshape can bereasonably described with a two-site exchange formalism
(36), with parameters T2A,B ¼ .02 s. This provides a reason-
able description of the observed linewidths in the absence of
added MgATP, Dn ¼ .063 ppm, corresponding to the M184
shifts of the RT,MgATP and RT,NVP,MgATP complexes,
the lifetime of the ternary complex, tNVP,MgATP ¼ 30 ms,
and the fractions of ternary complex pNVP,MgATP ¼
0.46 and 0.53 at the two MgATP concentrations (Fig. 5,Biophysical Journal 104(12) 2695–2705
2702 Zheng et al.e and f). Alternatively, we obtained a significantly poorer fit
if we tried to constrain the two resonance positions to the
M184 shifts observed for the apo and NVP complex of
RT, for which Dn ¼ .09. This suggests that the apo enzyme
does not contribute significantly to the observed exchange
behavior.Effect of the thumb-derived peptide P1L
To investigate the effects of peptides derived from the RT
sequence as possible dimerization inhibitors, Divita and
co-workers (27) evaluated the peptide P1, derived from res-
idues 285–301, with an additional L301C substitution. They
reported that P1 interacted only with the RT heterodimer
with an apparent Kd¼ 7.5 mM, and exhibited a fivefold pref-
erence for the open fingers/thumb conformation. We evalu-
ated the effect of P1L (lacking the L301C) substitution on
[methyl-13C]methionine66RT(I63M). Our expectation was
that at a saturating concentration of P1L, we should observe
M63 resonances at both the open and closed M63 reso-
nances with an intensity ratio of ~5:1. Alternatively, if the
peptide exchange is rapid on the NMR timescale, the M63
resonance should exhibit an intermediate shift proportionate
to the fractions of open and closed species present. Addition
of 0.8 mM P1L to apo-RT produced a very small shift of the
M184 resonance but did not affect M16 or I63M (Fig. 6).
The concentration used in the NMR study is 100-fold above
the Kd value of 7.5 mM reported for P1 (27).DISCUSSION
HIV RT is a conformationally complex molecule, and char-
acterization of its behavior is fundamental to understanding
mechanisms of catalysis and inhibition (1,4,40,41). Crystal-FIGURE 6 Effect of P1L on the 1H-13C HSQC spectrum of RT(I63M).
1H-13C HSQC spectra of 50 mM [13CH3-Met]66RT(I63M66) in the absence
(black) and presence (blue) of 0.8 mM P1L. The resonance marked with an
asterisk is unassigned but is sufficiently near the random coil values to
suggest the presence of a small amount of unfolded protein. The arrow in-
dicates the direction of the shift perturbation resulting from the P1L
addition. The sample was prepared in NMR buffer (20 mM Tris-HCl-d11
in D2O, pD¼ 7.42, 150 mMKCl, 4 mMMgCl2 0.02%NaN3) and measured
at 25C.
Biophysical Journal 104(12) 2695–2705lographic analyses have demonstrated that the structure of
the NNRTI-binding site and the orientation of the fingers/
thumb subdomains are highly variable. Information on the
fingers/thumb conformation in solution has been derived
from EPR studies (19) and small-angle x-ray scattering
analysis (42). In this study, we evaluated the introduction
of a methionine residue to probe the fingers/thumb confor-
mation of HIV-1 RT. Only one of the mutations evaluated,
I63M, exhibited sufficient shift sensitivity to serve as a
useful conformational indicator. Using the methionine
probe-labeled RT, we were able to evaluate the effects of
various ligands on the fingers/thumb conformation.
Based on a comparison with predictions of the fractions
of open and closed conformers derived from the reported
thermodynamic parameters (19), the NMR analysis indi-
cates that interconversion of the open/closed forms is
occurring on a fast timescale. The I63M methyl 1H shift
difference of ~0.2 ppm between open and closed
conformers corresponds to an interconversion rate [
1=tðcoalescenceÞ ¼ ðp= ﬃﬃﬃ2p Þ0:2  500 ¼ 222 s1. This con-
clusion is consistent with the results of molecular-dynamics
simulations (14,43), which show large motions of the thumb
subdomain on a submillisecond timescale. In contrast to the
rapid dynamics observed for the apo enzyme, a slow confor-
mational exchange between open and closed forms of RT is
observed in the presence of the NNRTI NVP. This result is
clearly indicative of the slow timescale of NVP binding and
dissociation; therefore, based on the above criterion, the
dissociation of the RT,NVP complex has a rate constant
 200 s1. Although the dissociation rate constants deter-
mined by Spence et al. (3) and Maga et al. (44) were ob-
tained under somewhat different conditions, they are
consistent with this conclusion.
Our analysis of the closed conformation in five crystallo-
graphic structures (1DLO, 1QE1, 1HMV, 2IAJ, and 3DLK)
demonstrates proximity of the fingers and thumb subdo-
mains, but also indicates substantial variability. This may
indicate the absence of strong fingers/thumb interface inter-
actions, or result from crystal-packing interactions, from
ligands present in the crystal (e.g., 2IAJ) or from the muta-
tions that are present (e.g., F160S in structure 3DLK). The
small shifts we observed for each of the three substituted
methionine residues at positions 63, 74, and 289 suggest
that residues at the tips of the fingers and thumb subdomains
are in sufficient proximity to experience small chemical
shift perturbations, but do not form a very close and stable
interface.
The studies presented here provide direct evidence for
RT-mediated interactions between the nucleotide- and
NNRTI-binding sites. Addition of MgATP to the RT,NVP
complex altered the behavior of the M63 resonance so
that the position rather than the intensities of M63
resonances corresponding to the open and closed con-
formations was altered. This result indicates that in the
presence of MgATP, the dissociation of bound NVP no
NMR of Reverse Transcriptase 2703longer falls into the slow-exchange limit, as monitored by
M63, but is increased sufficiently to move the M63 ex-
change behavior into the fast/intermediate regime. This
more-rapid dissociation rate of NVP is also accompanied
by a reduced level of NVP binding, as indicated by the
reduced intensity of the NVP-perturbed M230 resonance.
Thus, MgATP significantly interferes with NVP binding to
the apo enzyme.
The observed antagonism of MgATP and NVP binding is
consistent with studies demonstrating that Mg2þ reduces the
affinity of RT for nonnucleoside inhibitors, although the
effect reported for NVP was rather small (3). Antagonism
between divalent ion and NNRTI binding was also deduced
by Das et al. (20) on the basis of structural studies. They
found that although manganese, ATP, and an NNRTI
(HBY097) were present in the crystallization buffers, only
the RT,MnATP and RT,NNRTI binary complexes crystal-
lized; no ternary complexes were obtained. They further
noted that in the MnATP complex, the active-site YMDD
loop interacts directly with the MnATP ligand and is dis-
placed, adopting an extended conformation that differs
from its conformation in the NNRTI complex. The NNRTI
restricts the conformational change of the YMDD loop
that is needed to attain the metal-binding conformation.
Although the ATP conformation in the MnATP RT complex
is in poor agreement with the dNTP conformation observed
in ternary complexes (e.g., 1RTD (45)), the divalent ions
and the active-site carboxyl groups (D110, D185, and
D186) superimpose reasonably well in the RT,MnATP
complex and the RT,P/T,MgTTP structures (Fig. S5).
Thus, the protein-mediated antagonism between MgATP
and NVP likely results from conformational incompatibil-
ities similar to those present in the active RT conformation.
We note as well that the MgATP concentrations used in this
study reasonably approximate estimates of intracellular
concentrations (46,47). Alternatively, the structures of RT-
NVP (10) and RT-MnATP (20) do not superpose well in
the region of the NNRTI-binding site, consistent with the
observed protein-mediated antagonism (Fig. S6).
Recent molecular-dynamics simulations demonstrated
that the NNRTI efavirenz is capable of binding to RT in a
conformation in which the fingers/thumb subdomains adopt
a closed orientation (43). The correlation between the frac-
tion of open RT deduced from the M63 shift and the inten-
sity of the shifted M230 resonance supports the conclusion
that NVP binding is strongly correlated with the open
conformation. However, these results clearly cannot exclude
the possibility that a small fraction of the RT,NVP complex
adopts a closed conformation.
Finally, the NMR studies indicate that peptide P1L, which
was previously reported to exhibit both tight binding and a
fivefold preference for the open conformation, did not
significantly alter the conformation of apo RT at concentra-
tion 100-fold greater than the estimated Kd as judged by
the spectrum of the methionine-labeled enzyme. Thus, incontrast to NVP, P1L is not able to influence the open/closed
conformation of RT.
This study demonstrates the utility of methionine as a
minimally perturbing, NMR-sensitive probe for conforma-
tional studies of RT and presumably other macromolecules.
Labeling of RT with [13CdH3-Ile] reveals that I63 is
positioned in a highly congested region of the spectrum
(unpublished results) and hence cannot readily provide the
information obtained with the methionine-labeled enzyme.
This result is not too surprising considering that, as dis-
cussed above, we selected a solvent-exposed residue that
would likely provide a useful probe for interaction with
the thumb domain. It is likely that the use of solvent-
exposed probe residues will be inherently limited due to
the absence of significant shift perturbations and consequent
spectral congestion. For this reason, the use of an alternative
residue with a lower copy number, such as methionine,
becomes particularly attractive (22–26,48).SUPPORTING MATERIAL
Supporting material including: spectra showing the effects of all three
I/ M mutations; spectra supporting the fast exchange interpretation of
the M63 resonance; spectra showing the effect of temperature on the
M63 resonance; an HSQC spectrum of nevirapine; a structural overlay of
the RT complexes with DNA,MgTTP and with MnATP; a structural over-
lay comparing the nevirapine and MnATP RT complexes are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(13)00444-X.
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